reached. This approach was used to estimate relative maximum leaf size during the period of study (Fig. 3) . 29. The threshold for thermal damage of nonsucculent leaves (45°to 52°C) is a highly conserved characteristic across a wide range of extant taxa [W.
32. The cause of T-J floral turnover has traditionally been attributed to a sedimentary hiatus (3 The gene expression profile of the aging process was analyzed in skeletal muscle of mice. Use of high-density oligonucleotide arrays representing 6347 genes revealed that aging resulted in a differential gene expression pattern indicative of a marked stress response and lower expression of metabolic and biosynthetic genes. Most alterations were either completely or partially prevented by caloric restriction, the only intervention known to retard aging in mammals. Transcriptional patterns of calorie-restricted animals suggest that caloric restriction retards the aging process by causing a metabolic shift toward increased protein turnover and decreased macromolecular damage.
Most multicellular organisms exhibit a progressive and irreversible physiological decline that characterizes senescence, the molecular basis of which remains unknown. Postulated mechanisms include cumulative damage to DNA leading to genomic instability, epigenetic alterations that lead to altered gene expression patterns, telomere shortening in replicative cells, oxidative damage to critical macromolecules by reactive oxygen species (ROS), and nonenzymatic glycation of long-lived proteins (1, 2) . Genetic manipulation of the aging process in multicellular organisms has been achieved in Drosophila through the overexpression of catalase and Cu/Zn superoxide dismutase (3), in the nematode Caenorhabditis elegans through alterations in the insulin receptor signaling pathway (4) , and through the selection of stress-resistant mutants in either organism (5) . In mammals, mutations in the Werner Syndrome locus (WRN) accelerate the onset of a subset of aging-related pathology in humans (6) , but the only intervention that appears to slow the intrinsic rate of aging is caloric restriction (CR) (7) . Most studies have involved laboratory rodents which, when subjected to a long-term, 25 to 50% reduction in calorie intake without essential nutrient deficiency, display delayed onset of age-associated pathological and physiological changes and extension of maximum lifespan. Postulated mechanisms of action include increased DNA repair capacity, altered gene expression, depressed metabolic rate, and reduced oxidative stress (7) .
To examine the molecular events associated with aging in mammals, we used oligonucleotide-based arrays to define the transcriptional response to the aging process in mouse gastrocnemius muscle. Our choice of tissue was guided by the fact that skeletal muscle is primarily composed of long-lived, high oxygen-consuming postmitotic cells, a feature shared with other critical aging targets such as heart and brain. Loss of muscle mass (sarcopenia) and associated motor dysfunction is a leading cause of frailty and disability in the elderly (8) . At the histological level, aging of gastrocnemius muscle in mice is characterized by muscle cell atrophy, variations in size of muscle fibers, presence of lipofuscin deposits, collagen deposition, and mitochondrial abnormalities (9) .
A comparison of gastrocnemius muscle from 5-month (adult) and 30-month (old) mice (10-12) revealed that aging is associated with alterations in mRNA levels, which may reflect changes in gene expression, mRNA stability, or both. Of the 6347 genes surveyed in the oligonucleotide microarray, only 58 (0.9%) displayed a greater than twofold increase in expression levels as a function of age, whereas 55 (0.9%) displayed a greater than twofold decrease in expression. These findings are in agreement with a differential display analysis of gene expression in tissues of aging mice (13) . Thus, the aging process is unlikely to be due to large, widespread alterations in gene expression.
Functional classes were assigned to genes displaying the largest alterations in expression (Table 1) . Of the 58 genes that increased in expression with age, 16% were mediators of stress responses, including the heat shock factors Hsp71 and Hsp27, protease Do, and the DNA damage-inducible gene GADD45 (14) . The largest differential expression between adult and aged animals (a 3.8-fold induction) was observed for the gene enconding the mitochondrial sarcomeric creatine kinase, a critical target for ROS-induced inactivation (15) .
A consequence of skeletal muscle aging is loss of motor neurons followed by reinnervation of muscle fibers by the remaining intact neuronal units (16) . Genes involved in neuronal growth accounted for 9% of genes highly induced in 30-month-old animals, including neurotrophin-3 (17), a growth factor induced during reinnervation, and synaptic vesicle protein-2, implicated in neurite extension (18) . PEA3, a transcriptional factor induced in the response to muscle injury and previously shown to be highly expressed in muscle from old rats (19) , was also induced in aged muscle. We also observed parallels between our results and data from fibroblasts undergoing in vitro replicative senescence. For example, HIC-5, a transcriptional factor induced by oxidative damage, and insulin-like growth factor binding protein, both associated with in vitro senescence (20) , are induced in aged skeletal muscle.
Fifty-five (0.9%) genes displayed a greater than twofold age-related decrease in expression. Genes involved in energy metabolism accounted for 13% of these alterations (Table 1) . These include alterations in genes associated with mitochondrial function and turnover, such as the adenosine 5Ј-triphosphate (ATP) synthase A chain and nicotinamide adenine dinucleotide phosphate (NADP) transhydrogenase genes (both involved in mitochondrial bioenergetics), the LON protease implicated in mitochondrial biogenesis, and the ERV1 gene involved in mitochondrial DNA (mtDNA) maintenance (21) . Additionally, a decrease in metabolic activity is suggested through a decline in the expression of genes involved in glycolysis, glycogen metabolism, and the glycerophosphate shunt (Table 1) .
Aging was also characterized by large reductions (twofold or more) in the expression of biosynthetic enzymes such as squalene synthase (fatty acid and cholesterol synthesis), stearoyl-coenzyme A (CoA) desaturase ( polyunsaturated fatty acid synthesis), and EF-1-gamma ( protein synthesis). This suppression was accompanied by a concerted decrease in the expression of genes involved in protein turnover, such as the 20S proteasome subunit, the 26S proteasome component TBP1, ubiquitin-thiolesterase, and the Unp ubiquitin-specific protease, all of which are involved in the ubiquitin-proteasome pathway of protein turnover (22) . The directions of changes in other functional categories, such as signal transduction, and transcriptional and growth factors, did not present a consistent age-related trend.
In order to study the effects of CR on the gene expression profile of aging, we reduced caloric intake of C57BL/6 mice to 76% of that fed to control animals in early adulthood (2 months of age), and this dietary regimen was maintained until animals were killed at 30 months. A comparison of 30-month-old control and CR mice revealed that agingrelated changes in gene expression profiles were remarkably attenuated by CR. Of the largest age-associated alterations (twofold or higher), 29% were completely prevented by CR and 34% were partially suppressed ( Table  1) . Of the four major gene classes that displayed consistent age-associated alterations, 84% were either completely or partially suppressed by CR. Thus, at the molecular level, Table 1 (left). Aging-related changes in gene expression in gastrocnemius muscle. The extent to which caloric restriction prevented age-associated alterations in gene expression is denoted as either C (complete, Ͼ90%), N (none), or partial (20 to 90%, percentage effect indicated). The fold increase shown represents the average of all nine possible pairwise comparisons among individual mice determined by means of a specific algorithm (12). GenBank accession numbers are listed under ORF. A more comprehensive list that includes genes that did not fit into the six classes can be found at www1.genetics.wisc.edu/ prolla/Prolla_Tables.html. Table 1 ). Additional CR-induced changes are posted at the aforementioned Web site.
CR mice appear to be biologically younger than animals receiving the control diet.
Caloric restriction induced a metabolic reprogramming characterized by a transcriptional shift toward energy metabolism, increased biosynthesis, and protein turnover (Table 2) . CR resulted in the induction of 51 genes (1.8-fold or higher) as compared with age-matched animals consuming the control diet. Nineteen percent of genes in this class are related to energy metabolism. Modulation of energy metabolism was evident through the induction of glucose-6-phosphate isomerase (glycolysis), fructose 1,6-bisphosphatase (gluconeogenesis), IPP-2 (an inhibitor of glycogen synthesis), and transketolase. Fructose 1,6-bisphosphatase switches the direction of a key regulatory step in glycolysis toward a biosynthetic precursor, glucose-6-phosphate. Remarkably, this same adaptation has been observed as part of the transcriptional reprogramming of Saccharomyces cerevisiae accompanying the diauxic switch from anaerobic growth to aerobic respiration upon depletion of glucose (23) . Transketolase, which controls the nonoxidative branch of the pentose phosphate pathway, provides NADPH for biosynthesis and reducing power for several antioxidant systems. CR also induced transcripts associated with fatty acid metabolism, such as fatty acid synthase and PPARdelta, a mediator of peroxisome proliferation. Interestingly, CR may act to increase insulin sensitivity through the induction of glucosedependent insulinotropic peptide and PPARgamma, a potent insulin sensitizer (24) .
Biosynthetic ability also appears to be induced in CR mice. CR up-regulated the expression of glutamine synthase, purine nucleoside phosphorylase ( purine turnover), and thymidylate kinase (dTTP synthesis). Remarkably, 16% of transcripts highly induced by CR encode proteins involved in protein synthesis and turnover, including elongation factor 1-gamma, proteasome activator PA28, translocon-associated protein delta, 60S ribosomal protein L23, and the 26S proteasome subunit TBP-1.
CR was associated with a 1.6-fold or greater reduction in expression of 57 genes. Of these, 12% were associated with stress responses or DNA repair pathways, or both (Table 2) . Among the 6347 genes examined, the most substantial suppression of gene expression by CR was for a murine DnaJ homolog (3.4-fold), a pivotal and inducible heat shock factor that senses and transduces the presence of misfolded or damaged proteins in bacteria (25) . CR also lowered the expression of cytochrome P450 isoforms IIIA and Cyp1b1 (involved in detoxification), Hsp105 (a heat shock factor), aldehyde dehydrogenase (an inducible enzyme involved in detoxification of metabolic byproducts), and an oxidative stress-induced protein of unknown function. CR reduced the expression of several DNA repair genes including XPE (a factor that recognizes multiple DNA adducts), RAD50 (involved in double-strand break repair), and DNA polymerase-beta (a DNA damage-inducible polymerase). We also find molecular evidence to support a state of lower basal metabolic rate in CR mice through lowered expression of the thyroid-hormone receptor alpha gene (26) .
The data presented here provide the first global assessment of the aging process in mammals at the molecular level and underscore the utility of large-scale, parallel gene expression analysis in the study of complex biological phenomena. We estimate that the 6347 genes analyzed in this study represent 5 to 10% of the mouse genome. Additional classes of aging-related genes in skeletal muscle may be discovered with the development of higher density mammalian DNA microarrays. The observed collection of gene expression alterations in aging skeletal muscle is complex, reflecting the presence of myocyte, neuronal, and vascular components. Although some of the age-associated alterations in gene expression could represent maturational changes, this possibility is unlikely given the fact that the 5-month-old (adult) mice used in this study were fully mature animals. Importantly, changes in mRNA levels may not always result in a parallel alteration in protein levels. However, the complete or partial prevention of most agerelated alterations by CR suggests that gene expression profiles can be used to assess the biological age of mammalian tissues, providing a tool for evaluating experimental interventions.
Taken as a whole, our results provide evidence that during aging there is an induction of a stress response as a result of damaged proteins and other macromolecules. This response ensues as the systems required for the turnover of such molecules decline, perhaps as a result of an energetic deficit in the cell. In particular, the observed alterations in transcripts associated with energy metabolism and mitochondrial function may reflect either decreased mitochondrial biogenesis or turnover secondary to cumulative ROS-inflicted mitochondrial damage (2), lending support to the concept that mitochondrial dysfunction plays a central role in aging of postmitotic tissues. The gene expression profile also suggests that secondary responses to the aging process in skeletal muscle involve the activation of neuronal and myogenic responses to injury.
A summary of global changes induced by aging, and the contrasting effects of CR, are shown in Table 3 . The transcriptional activation of stress response genes that process damaged or misfolded proteins during aging, and the prevention of this induction by CR, suggest a central role for protein modifications in aging. Indeed, aging is characterized by an exponential increase of oxidatively damaged proteins (27) . Previous analyses of metabolic rates in CR animals have led to the suggestion that this life-extending regimen acts through a reduction in metabolic rate, resulting in a lower production of toxic by-products of metabolism (28) . The CR-mediated reduction of mRNAs encoding inducible genes involved in metabolic detoxification, DNA repair, and the response to oxidative stress supports this view, because it implies lower substrate availability for these systems. Additionally, our analysis indicates that CR may cause a metabolic shift toward increased biosynthesis and macromolecular turnover. A hormonal trigger for this shift may be an alteration in the insulin signaling pathway through increased expression of genes that mediate insulin sensitivity, a finding that links our observations to those obtained through the genetic analysis of aging in the nematode C. elegans (4). ϩ RNA was converted into doublestranded cDNA (ds-cDNA) by using SuperScript Choice System (Life Technologies) with an oligo-dT primer containing a T7 RNA polymerase promoter (Genset). After second-strand synthesis, the reaction mixture was extracted with phenol-chloroformisoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation. In vitro transcription was performed by using a T7 Megascript Kit (Ambion) with 1.5 l of ds-cDNA template in the presence of a mixture of unlabeled ATP, CTP, GTP, and UTP and biotin-labeled CTP and UTP [bio-11-CTP and bio-16-UTP (Enzo)]. Biotin-labeled cRNA was purified by using an RNeasy affinity column (Qiagen), and fragmented randomly to sizes ranging from 35 to 200 bases by incubating at 94°C for 35 min. The hybridization solutions contained 100 mM MES, 1 M Na ϩ , 20 mM EDTA, and 0.01% Tween 20. The final concentration of fragmented cRNA was 0.05 g/l in the hybridization solutions. After hybridization, the hybridization solutions were removed and the gene chips were washed and stained with streptavidinphycoerythrin. DNA chips were read at a resolution of 6 m with a Hewlett-Packard GeneArray Scanner. 12. Detailed protocols for data analysis of Affymetrix microarrays and extensive documentation of the sensitivity and quantitative aspects of the method have been described [D. J. Lockhart, Nature Biotechnol. 14, 1675 (1996) ]. Briefly, each gene is represented by the use of ϳ20 perfectly matched (PM) and mismatched (MM) control probes. The MM probes act as specificity controls that allow the direct subtraction of both background and cross-hybridization signals. The number of instances in which the PM hybridization signal is larger than the MM signal is computed along with the average of the logarithm of the PM:MM ratio (after background subtraction) for each probe set. These values are used to make a matrix-based decision concerning the presence or absence of an RNA molecule. Positive average signal intensities after background subtraction were observed for over 4000 genes for all samples. To determine the quantitative RNA abundance, the average of the differences representing PM minus MM for each gene-specific probe family is calculated, after discarding the maximum, the minimum, and any outliers beyond 3 SDs. Averages of pairwise comparisons were made between animals with Affymetrix software. To determine the effect of age, each 5-month-old mouse (n ϭ 3) was compared to each 30-month-old (n ϭ 3) mouse, generating a total of nine pairwise comparisons. To determine the effect of diet, 30-month-old CR-fed (n ϭ 3) and 30-month-old control-fed (n ϭ 3) animals were similarly compared. Pearson correlation coeficients were calculated between individual animals in the same Selenium is essential for male fertility in rodents and has also been implicated in the fertilization capacity of spermatozoa of livestock and humans (1) . Selenium deficiency is associated with impaired sperm motility, structural alterations of the midpiece, and loss of flagellum (1). However, three decades after the discovery of selenium as an integral constituent of redox enzymes (2), the molecular basis of the relationship of the essential trace element and male fertility remains obscure. The selenoprotein PHGPx (Enzyme Commission number 1.11.1.12) is abundantly expressed in spermatids and displays high activity in postpubertal testis (3) . In mature spermatozoa, however, selenium is largely restricted to the mitochondrial capsule, a keratin-like matrix that embeds the helix of mitochondria in the sperm midpiece (4) . A "sperm mitochondria-associated cysteine-rich protein (SMCP)" (5) had been considered to be the selenoprotein accounting for the selenium content of the mitochondrial capsule (4-6). The rat SMCP gene, however, does not contain an in-frame TGA codon (7) that would enable a selenocysteine incorporation (8) . In mice, the three in-frame TGA codons of the SMCP gene are upstream of the translation start (5) . SMCP can therefore no longer be considered as a selenoprotein. Instead, the "mitochondrial capsule selenoprotein (MCS)," as SMCP was originally referred to (4-7), is here identified as PHGPx. Routine preparations of rat sperm mitochondrial capsules (9) yielded a fraction that was insoluble in 1% SDS containing 0.2 mM dithiothreitol (DTT) and displayed a vesicular appearance in electron microscopy (Fig.  1A) . The vesicles readily disintegrated upon exposure to 0.1 M mercaptoethanol (Fig. 1B) and became fully soluble in 6 M guanidineHCl. When the solubilized capsule material was subjected to polyacrylamide gel electrophoresis (PAGE), four bands in the 20-kD
